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Supplementary Table S1   Medians, 25th (subscript) and 75th (superscript) percentiles of localization error, FWHM, FVHM 





Localization error    FWHM   FVHM   
NN3 NN4 NN3 NN4 NN3 NN4 
3 to 8 
0 0.530.300.79 0.400.230.68 9.809.8010.77 9.809.179.80 8.287.838.65 8.087.658.51 
100 0.440.250.68 0.390.220.66 9.809.1710.20 9.809.179.80 8.207.748.55 8.047.618.47 
200 0.380.220.62 0.370.220.62 9.809.179.80 9.389.179.80 8.047.568.51 7.927.478.43 
300 0.360.220.57 0.360.220.57 9.389.179.80 9.178.949.80 7.877.428.40 7.797.378.32 
400 0.370.240.54 0.360.230.54 9.178.949.80 9.178.949.80 7.747.278.28 7.707.278.24 
500 0.390.260.54 0.370.240.53 9.178.949.80 9.178.949.80 7.617.178.20 7.617.118.08 
600 0.400.270.55 0.390.250.54 9.178.949.80 8.948.729.38 7.517.018.08 7.476.957.96 
700 0.420.280.57 0.400.270.55 8.948.949.38 8.948.499.17 7.426.907.96 7.376.847.87 
800 0.440.300.58 0.420.280.56 8.948.949.17 8.948.259.17 7.326.787.87 7.226.727.74 
900 0.450.300.59 0.430.280.56 8.948.259.17 8.948.259.17 7.226.727.79 7.116.667.65 
1000 0.460.300.60 0.430.280.57 8.948.259.17 8.948.259.17 7.116.667.70 7.016.607.51 
8 to 13 
0 0.920.521.48 0.510.280.78 13.1212.0014.14 12.3311.4913.27 10.059.4110.63 9.849.1310.46 
100 0620.350.97 0.460.250.69 12.8112.0014.00 12.1711.4913.27 10.059.2510.67 9.739.0610.39 
200 0.410.230.66 0.380.210.57 12.6511.4913.57 12.1711.3113.12 9.849.0610.58 9.558.9310.26 
300 0.360.200.56 0.330.190.49 12.1711.3113.27 12.0010.7712.81 9.588.9010.39 9.348.8310.05 
400 0.340.210.53 0.300.180.44 12.0010.7713.27 11.6610.2012.65 9.348.7910.18 9.168.729.86 
500 0.340.220.51 0.290.180.42 12.0010.2012.81 11.4910.2013.33 9.198.699.97 9.008.629.64 
600 0.350.230.51 0.290.190.42 11.4910.2012.81 11.319.8012.17 9.068.589.81 8.868.559.47 
700 0.360.240.52 0.300.200.42 11.4910.2012.65 10.779.8012.00 8.938.559.67 9.768.479.31 
800 0.370.250.54 0.300.210.43 11.319.8012.33 10.209.8012.00 8.868.479.55 8.698.409.19 
900 0.390.260.57 0.320.210.45 11.319.8012.33 12.209.8011.83 8.798.439.47 8.628.329.09 
1000 0.410.270.58 0.330.220.46 10.959.8012.33 10.209.8011.49 8.768.369.38 8.588.249.00 
13 to 18 
0 3.802.675.05 2.171.163.36 15.3614.5616.61 14.5613.5715.36 11.0110.5811.60 10.9310.5311.42 
100 2.841.923.80 1.740.962.64 15.6214.7016.61 14.7013.5715.62 11.3810.8811.93 11.1410.6711.68 
200 2.141.363.07 1.220.711.82 15.3614.5616.61 14.7013.8615.75 11.4410.8812.02 11.2710.7411.87 
300 1.831.102.71 0.880.511.36 15.1014.1416.25 14.7013.5715.75 11.2710.7411.87 11.2310.6711.83 
400 1.690.992.54 0.720.411.15 14.9714.0016.13 14.5613.5715.75 11.1210.5911.70 11.1010.5611.70 
500 1.620.942.45 0.620.371.02 14.7013.5715.75 14.4213.2715.36 10.9510.4311.52 10.9510.4111.54 
600 1.610.912.43 0.570.340.95 14.7013.5715.75 14.1413.2715.10 10.7910.2911.36 10.7910.2111.38 
700 1.610.912.42 0.540.330.93 14.5613.4215.62 14.0012.8114.97 10.6510.1611.21 11.6310.0511.23 
800 1.640.942.45 0.530.320.91 14.2813.4215.36 13.8612.8114.97 10.5310.0511.06 10.489.9211.06 
900 1.670.982.50 0.530.320.92 14.1413.2715.36 13.5712.8114.70 10.419.9210.95 11.369.7510.93 
1000 1.721.022.54 0.530.310.93 14.1413.2715.10 13.5712.6514.70 10.319.8410.84 10.239.6410.79 
18 to 23 
0 8.166.839.59 6.295.017.66 16.2515.6217.21 15.3614.7016.25 11.339.8411.74 11.3110.9711.75 
100 6.535.437.70 4.933.915.98 16.2515.6217.21 15.7515.2316.61 11.6411.3312.04 11.7711.4012.25 
200 5.664.566.82 3.712.834.78 16.6115.7517.55 17.2116.2518.22 11.9411.5412.45 12.3911.8913.02 
300 5.274.166.43 3.202.294.28 16.6115.7517.55 17.3216.2518.55 11.9111.4612.46 12.4111.8713.04 
400 5.093.996.24 3.002.054.07 16.6115.7517.55 17.2116.2518.33 11.7711.3112.34 12.2411.7012.88 
500 4.973.906.13 2.881.923.97 16.2515.3617.21 16.9715.7518.11 11.6211.1712.20 12.0411.5012.67 
600 4.913.856.06 2.801.843.91 16.2515.3617.21 16.6115.6217.66 11.4610.9912.02 11.7911.2712.43 
700 4.843.825.97 2.771.823.90 15.7515.1016.97 16.4915.3617.55 11.2910.8411.87 11.6011.1012.24 
800 4.803.825.89 2.761.823.88 15.7514.9716.73 16.2515.1017.32 11.1410.7011.72 11.4210.9312.04 
900 4.763.825.79 2.761.833.88 15.7514.7016.73 16.1314.9717.21 11.0110.5811.56 11.2710.7711.87 




Supplementary Table S2   Medians, 25th (subscript) and 75th (superscript) percentiles of localization error, FWHM, FVHM 





Localization error   FWHM   FVHM   
NN3 NN4 NN3 NN4 NN3 NN4 
3 to 8 
0 0.570.340.82 0.430.250.70 9.809.8010.77 9.809.1710.20 8.287.838.65 8.087.658.51 
100 0.490.300.72 0.430.260.68 9.809.1710.20 9.809.179.80 8.207.748.58 8.047.618.47 
200 0.430.260.66 0.420.260.65 9.809.1710.00 9.809.179.80 8.047.568.47 7.967.518.43 
300 0.430.280.62 0.420.270.62 9.809.179.80 9.389.179.80 7.927.428.36 7.837.378.32 
400 0.450.300.62 0.440.300.62 9.178.949.80 9.178.949.80 7.797.278.28 7.747.278.20 
500 0.480.340.64 0.470.330.63 9.178.949.80 9.178.949.80 7.617.178.16 7.617.118.08 
600 0.510.360.67 0.500.360.66 9.178.949.80 9.178.949.80 7.517.018.04 7.477.017.96 
700 0.540.390.70 0.530.380.69 9.178.729.80 9.178.499.80 7.426.957.92 7.376.907.87 
800 0.580.420.75 0.560.400.73 9.178.499.80 8.178.499.38 7.326.907.83 7.276.847.74 
900 0.610.440.80 0.590.420.78 9.178.499.80 9.178.499.38 7.276.847.79 7.176.787.65 
1000 0.650.460.85 0.640.450.84 9.178.499.80 9.178.499.38 7.226.787.70 7.116.727.56 
8 to 13 
0 1.040.601.69 0.640.360.95 13.2712.0014.70 12.6511.4913.57 10.009.3810.63 9.849.1610.46 
100 0.760.441.21 0.620.350.91 13.1212.0014.56 12.3311.4913.57 10.009.2810.65 9.739.0610.36 
200 0.570.320.91 0.550.310.83 12.8111.4914.14 12.3311.3113.42 9.819.0610.53 9.558.9610.23 
300 0.520.300.83 0.520.300.80 12.3311.3113.86 12.0010.7713.27 9.588.9310.34 9.388.8310.05 
400 0.520.310.83 0.510.300.81 12.3310.7713.57 12.0010.7713.27 9.418.7910.13 9.258.729.89 
500 0.550.340.87 0.540.330.84 12.0010.7713.42 11.8310.3912.96 9.288.699.97 9.138.629.75 
600 0.590.370.93 0.580.370.91 12.0010.7713.42 11.6610.2012.96 9.168.629.86 9.008.519.64 
700 0.660.421.04 0.640.420.99 12.0010.3913.42 11.6610.2012.96 9.068.519.75 8.908.439.52 
800 0.740.491.20 0.730.481.13 11.8310.3913.42 11.4910.2013.12 8.938.409.61 8.798.289.44 
900 0.860.571.45 0.840.561.32 11.8310.3913.57 11.4910.2013.27 8.838.289.52 8.698.169.31 
1000 1.020.661.89 0.980.651.63 11.8310.3913.57 11.4910.2013.27 8.698.169.41 8.558.049.22 
13 to 18 
0 4.212.905.83 2.391.383.64 16.2514.7018.22 14.9714.0016.61 10.9910.4811.70 10.9010.4311.50 
100 3.222.174.52 2.031.223.03 16.3714.9718.33 15.3614.0017.21 11.2710.7011.96 11.0610.5611.70 
200 2.471.573.59 1.550.972.34 16.2514.7018.11 15.3614.1417.44 11.3110.7212.04 11.1910.6311.91 
300 2.141.313.21 1.290.811.99  15.7514.5617.66 15.3614.0017.55 11.1710.5611.89 11.1410.5611.87 
400 2.041.223.11 1.210.771.89 15.7514.1417.66 15.3614.0017.55 10.9910.3911.72 11.0110.4111.75 
500 2.061.223.20 1.210.771.91 15.6214.0017.66 15.3613.5717.55 10.8110.1811.54 10.8810.2311.62 
600 2.141.263.46 1.290.822.03 15.6214.0018.00 15.3613.5717.55 10.6310.0011.38 10.6710.0511.46 
700 2.361.374.21 1.420.892.27 15.6213.5718.11 15.3613.5718.00 10.439.7811.21 10.539.8611.31 
800 2.841.5741.22 1.641.012.75 15.3613.5718.33 15.3613.5718.22 10.239.5811.04 10.369.7011.17 
900 5.281.9275.42 2.041.214.65 15.3613.4218.55 15.3613.4218.55 10.059.3810.88 10.189.5211.01 
1000 49.542.8889.40 3.071.5460.00 15.3613.2718.55 15.3613.4218.87 9.899.1910.74 10.039.3110.86 
18 to 23 
0 54.999.1292.23 7.385.4630.18 18.2216.4920.59 16.6115.3618.76 11.4810.9712.18 11.4010.9012.06 
100 20.357.0082.97 6.354.5710.80 18.3316.6120.88 17.5515.7520.10 11.7711.1412.50 11.8111.2112.58 
200 8.445.5668.85 4.963.447.69 18.5516.6121.26 18.8716.6122.00 12.0211.3612.82 12.2911.5613.17 
300 7.865.0768.82 4.342.896.86 18.5516.6121.35 19.0816.7322.36 11.9611.2512.83 12.2911.5613.18 
400 8.985.0277.94 4.222.727.04 18.5516.4921.35 19.0816.7322.36 11.7711.0612.62 12.1311.4013.01 
500 37.055.3787.49 4.342.709.47 18.5516.2521.63 19.0816.7322.45 11.5410.8112.41 11.9111.1912.78 
600 56.296.6092.40 4.882.8353.68 18.5516.2521.91 18.9716.6122.45 11.3310.5812.18 11.6610.9312.53 
700 66.1425.6095.81 7.603.1973.68 18.5515.7522.18 18.9716.3722.72 11.0810.2911.98 11.4410.7012.32 
800 71.3040.0897.27 44.794.1284.23 19.0816.1323.07 19.0816.2522.98 10.9710.1311.98 11.2510.4812.15 
900 73.8645.9598.31 60.2010.4090.53 19.3916.2523.64 19.2916.2523.15 10.9910.1311.94 11.1210.3412.00 




Supplementary Table S3   Improvement of localization error, FWHM, FVHM (%) of all FD modes to CW mode at 





Localization error   FWHM   FVHM   
NN3 NN4 NN3 NN4 NN3 NN4 
3 to 8 
100 17.65 2.24 0.00 0.00 0.95 0.51 
200 29.11 7.91 0.00 4.26 2.90 2.06 
300 31.48 10.99 4.26 6.46 4.93 3.67 
400 30.80 11.62 6.46 6.46 6.52 4.77 
500 27.51 8.88 6.46 6.46 8.16 5.90 
600 25.38 4.14 6.46 8.71 9.29 7.64 
700 21.55 0.19 8.71 8.71 10.44 8.84 
800 18.13 -2.96 8.71 8.71 11.63 10.70 
900 16.21 -5.51 8.71 8.71 12.85 11.99 
1000 14.25 -7.20 8.71 8.71 14.10 13.31 
8 to 13 
100 32.85 10.12 2.36 1.32 0.00 1.13 
200 55.77 25.90 3.55 1.32 2.14 2.88 
300 61.51 35.29 7.24 2.67 4.68 5.01 
400 63.01 40.74 8.50 5.41 7.05 6.91 
500 63.01 42.71 8.50 6.81 8.59 8.55 
600 62.26 42.10 12.40 8.23 9.86 9.91 
700 60.91 40.88 12.40 12.64 11.18 10.96 
800 59.59 39.99 13.73 17.28 11.85 11.67 
900 57.30 36.56 13.73 17.28 12.53 12.40 
1000 55.45 34.37 16.48 17.28 12.87 12.76 
13 to 18 
100 25.47 19.70 -1.68 -0.94 -3.28 -2.00 
200 43.79 43.72 0.00 -0.94 -3.84 -3.17 
300 51.92 59.39 1.71 -0.94 -2.33 -2.78 
400 55.45 66.92 2.57 0.00 -0.99 -1.61 
500 57.31 71.37 4.33 0.95 0.61 -0.20 
600 57.81 73.88 4.33 2.87 2.04 1.24 
700 57.82 74.95 5.22 3.85 3.30 2.73 
800 56.98 75.49 7.02 4.84 4.39 4.05 
900 55.85 75.61 7.94 6.83 5.48 5.17 
1000 54.76 75.74 7.94 6.83 6.39 6.32 
18 to 25 
100 20.06 21.63 0.00 -2.51 -2.67 -4.07 
200 30.72 41.06 -2.25 -12.00 -5.38 -9.56 
300 35.47 49.12 -2.25 -12.75 -5.06 -9.71 
400 37.66 52.36 -2.25 -12.00 -3.88 -8.16 
500 39.09 54.22 0.00 -10.47 -2.51 -6.40 
600 39.87 55.48 0.00 -8.14 -1.09 -4.24 
700 40.69 55.91 3.08 -7.36 0.37 -2.52 
800 41.16 56.10 3.08 -5.77 1.68 -0.92 
900 41.71 56.13 3.08 -4.97 2.82 0.37 





Supplementary Table S4   Improvement of localization error, FWHM, FVHM (%) of all FD modes to CW mode at 





Localization error   FWHM   FVHM   
NN3 NN4 NN3 NN4 NN3 NN4 
3 to 8 100 14.12 0.04 0.00 0.00 0.95 0.51 
200 24.53 3.32 0.00 0.00 2.90 1.54 
300 24.95 2.24 0.00 4.26 4.42 3.13 
400 21.39 -1.88 6.46 6.46 5.98 4.22 
500 15.63 -8.31 6.46 6.46 8.16 5.90 
600 10.23 -15.76 6.46 6.46 9.29 7.64 
700 4.21 -22.90 6.46 6.46 10.44 8.84 
800 -2.14 -30.15 6.46 6.46 11.63 10.07 
900 -7.90 -37.57 6.46 6.46 12.23 11.34 
1000 -14.87 -47.27 6.46 6.46 12.85 11.99 
8 to 13 100 26.99 3.90 1.14 2.53 0.00 1.13 
200 45.54 13.96 3.47 2.53 1.90 2.88 
300 50.02 18.89 7.06 5.13 4.17 4.70 
400 50.10 19.76 7.06 5.13 5.95 5.95 
500 47.39 16.46 9.54 6.46 7.17 7.23 
600 43.38 9.10 9.54 7.80 8.42 8.55 
700 36.58 -0.27 9.54 7.80 9.39 9.57 
800 28.55 -13.77 10.81 9.17 10.71 10.61 
900 17.03 -30.22 10.81 9.17 11.72 11.67 
1000 1.88 -52.32 10.81 9.17 13.11 13.13 
13 to 18 100 23.47 14.84 -0.76 -2.64 -2.54 -1.42 
200 41.28 34.98 0.00 -2.64 -2.92 -2.60 
300 49.02 45.95 3.08 -2.64 -1.58 -2.21 
400 51.41 49.45 3.08 -2.64 0.00 -1.02 
500 51.11 49.18 3.87 -2.64 1.64 0.21 
600 49.09 45.95 3.87 -2.64 3.32 2.10 
700 43.99 40.69 3.87 -2.64 5.08 3.41 
800 32.55 31.33 5.45 -2.64 6.90 4.98 
900 -25.50 14.77 5.45 -2.64 8.54 6.60 
1000 -1077.71 -28.44 5.45 -2.64 10.01 8.03 
18 to 25 100 62.98 13.97 -0.60 -5.64 -2.58 -3.65 
200 84.65 32.70 -1.79 -13.57 -4.70 -7.84 
300 85.71 41.16 -1.79 -14.84 -4.23 -7.84 
400 83.67 42.78 -1.79 -14.84 -2.58 -6.42 
500 32.62 41.09 -1.79 -14.84 -0.52 -4.48 
600 -2.38 33.90 -1.79 -14.21 1.25 -2.29 
700 -20.28 -2.98 -1.79 -14.21 3.48 -0.36 
800 -29.66 -507.29 -4.71 -14.84 4.43 1.28 
900 -34.33 -716.29 -6.42 -16.10 4.23 2.40 































Supplementary Figure S1 | Localization error distribution in an example transverse slice 
of HbR. The color of each voxel reflects the localization error in mm averaged across five 
head models after spatial alignment. For brevity, three modulation frequencies are shown: 0, 








Supplementary Figure S2 | FWHM distribution in an example transverse slice of HbR. 
The color of each voxel reflects the FWHM in mm averaged across five head models after 





























Supplementary Figure S3 | Spatial distribution of the cube root of the FVHM in an 
example transverse slice of HbR. The color of each voxel reflects the cube root of the FVHM 
in mm averaged across five head models after spatial alignment. For brevity, three modulation 




































Supplementary Figure S4 | Image quality metrics as a function of depth below the surface 
in noise free cases of HbR. The median of the localization error, success rate FWHM, cube 
root of FVHM across 5 head models’ simulated measurements of 11 modulation frequencies 
without noise added for NN3 and NN4. Even frequencies are solid lines and odd frequencies 
are dashed lines. 
 
 
Supplementary Figure S5 | Image quality metrics as a function of depth below the surface 
in noise added cases of HbR. The median of the localization error, success rate FWHM, cube 
root of FVHM across 5 head models’ simulated measurements of 11 modulation frequencies 
without noise added for NN3 and NN4. Even frequencies are solid lines and odd frequencies 









Supplementary Figure S6 | Depth of the reliable field of view across all modulation 
frequencies and noise models of HbR. Averaged depths of the 50% success rate as a function 
of modulation frequency. Error bars represent standard deviations across five head models. 
 
